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Photocapacitance ~PHCAP! measurements are applied to liquid-phase epitaxially grown n-
Al0.3Ga0.7As crystals at different temperatures. The PHCAP measurements revealed deep levels
optically located at 0.5 eV below the conduction band and 1.5 eV above the valence band @Ec
20.5 eV level ~Te-related DX center! and Ev11.5 eV level#. The thermal activation energy of
electron capture at the ionized Ec20.5 eV level was found to be 31 meV. The optical hole emission
process from the Ev11.5 eV level was enhanced with increasing sample temperature. After 1.5 eV
monochromatic light preirradiation, the Ec20.5 eV level was detected in an intentionallly undoped
n-Al0.3Ga0.7As sample. From these results, the structure of the Te-related DX center is discussed.
© 2000 American Institute of Physics. @S0021-8979~00!02301-X#I. INTRODUCTION
Deep donor levels which are often called DX centers
have been observed in many compound semiconductors. Per-
sistent photoconductivity ~PPC! effects, attributed to the DX
level, were reported in nonstoichiometric CdTe ~1964!,1 and
GaAs12xPx ~1968!.2 In AlxGa12xAs ternary alloy systems,
the DX centers have been greatly concerned with the effect
of deviation on the electrical characteristics of
AlxGa12xAs-based devices such as the high electron mobil-
ity transistor, etc. In view of the defect structure, many in-
vestigations have also been reported to explain the large dif-
ference between thermal and optical activation energy. Many
models have been proposed for the atomic structure of the
DX center.2–8 In 1977, Nishizawa et al. reported that the
photocapacitance ~PHCAP! measurements revealed the ma-
jor deep centers at ;0.65 eV below the conduction band in
p-Al0.3Ga0.7As/n-Al0.65Ga0.35As heterojunction diodes fabri-
cated with the liquid-phase epitaxy ~LPE! of temperature dif-
ference method ~TDM!,9–11 which exhibited PPC effects at
low temperature12 and the nonstoichiometric defect-donor
complex model was proposed as an explanation. Later, this
level was called the DX center in AlxGa12xAs.3 It has been
reported that the so-called DX center is formed in n-type
AlxGa12xAs with an Al composition x.0.22, and that the
density of the DX center is nearly equal to the donor concen-
tration. In conjunction with other results, it has been pro-
posed that the origin of the DX center is the donor impurity
itself.13 Recently, we have reported the effects of arsenic
vapor pressure on the formation of dominant deep levels
a!Electronic mail: nisizawa@hanken-sri.or.jp2230021-8979/2000/87(1)/223/5/$17.00
Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject todetected in n-Al0.3Ga0.7As.14 Te-doped Al0.3Ga0.7As crystals
grown by LPE were annealed at 900 °C for 1 h under con-
trolled arsenic vapor pressure ~CVP!, and PHCAP measure-
ments, Hall effect measurements, and photoluminescence
measurements were carried out. From these experimental re-
sults, we have proposed that in AlxGa12xAs:Te ternary alloy
systems, the dominant deep levels, i.e., the DX centers are
affected by the stoichiometric composition of the crystals,
and that these deep levels are associated with at least the
donor impurity Te and the excess arsenic composition. The
PHCAP measurements revealed two types of deep levels, the
optical activation energy of which are 0.5 and 1.1 eV, re-
spectively, (Ec20.5 eV level and Ec21.1 eV level!.15 The
Ec21.1 eV level density decreased with increasing Te con-
centration in solution during crystal growth. In conjunction
with other experimental results, we have proposed that the
Ec21.1 eV level interacts with Ec20.5 eV level.
Up to now, some reports have been published on the
relation of the DX center and minority carrier, i.e., hole. But,
hole emission phenomena have not been reported yet. In this
article, the PHCAP measurements have been applied to LPE-
grown Te-doped n-Al0.3Ga0.7As. The PHCAP measurements
were performed with changing measurement temperature.
The phenomenon of optical hole emission process concern-
ing the deep levels ~Te related DX center! is shown.
II. EXPERIMENT
A. Sample preparation
Te-doped AlxGa12xAs (x50.3360.02) layers were epi-
taxially grown with the LPE of the TDM under CVP.11,16
The substrates used for the PHCAP measurements were Si© 2000 American Institute of Physics
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31018 cm23) prepared with the horizontal Bridgman
method. The crystallographic orientation of the substrate was
$100%. The growth time was 60 min. The arsenic vapor pres-
sure applied during crystal growth was fixed at 0.9 Torr in
the present experiments. The average thickness of the epitax-
ial layer obtained was ;1 mm. In order to make metal/
semiconductor diodes, Au was evaporated onto a sample sur-
face after AuGe/Au was alloyed on the back at 450 °C for 1
min to provide an ohmic contact.
B. PHCAP measurement
The PHCAP method has many advantages over other
thermal excitation methods such as the deep level transient
spectroscopy ~DLTS! method, because of its optical excita-
tion at a constant low temperature. PHCAP measurements
were carried out under constant voltage conditions at each
setting temperature. The sample diode was cooled in the dark
by applying the forward bias voltage from room temperature
to measuring temperature. Then, a constant reverse bias volt-
age ~20.500 V! was applied and monochromatic light fed
from a monochometer was irradiated from the long wave
length into the depletion region of the sample diode. The
junction capacitance was measured by using a capacitance
meter. The measuring signal amplitude and frequency used
in the present experiments were 15 mV and 100 kHz, respec-
tively. The ionized level density was determined as
DNt5~Vdep2Vappl!S 2eq D ~Cph2 2Cdark2 !, ~1!
where DNt is the ionized level density, Vdep is the diffusion
potential, Vappl is the applied voltage, Cph and Cdark are the
measured capacitances per unit area under monochromatic
light irradiation and the dark condition, respectively, e is the
dielectric constant, and q is the elementary electric charge.
Precise description of the PHCAP measurements has been
reported in Refs. 17–19.
III. RESULTS AND DISCUSSION
Figures 1~a! and ~b! show the PHCAP spectra of Te-
doped n-Al0.3Ga0.7As grown from the AlGaAs solution with
4.731023 wt % Te concentration. The PHCAP measure-
ments were carried out at ~a! 40 and ~b! 85 K. Before each
monochromatic light irradiation, the sample was forward bi-
ased to neutralize each of the photoionized deep levels. In
Figs. 1~a! and 1~b!, the increase in the ionized level density
is caused by the photoionization of the occupied deep levels,
and the decrease of ionized level density is caused by the
occupation of electrons at deep levels. Figure 1~a! shows that
the dominant deep levels are detected at 0.5 eV below the
conduction band (Ec20.5 eV!. From Fig. 1~a!, it is consid-
ered that once the Ec20.5 eV level is photoionized, this
level hardly captures an electron at 40 K. This characteristic
is the same with the so-called DX center. In Fig. 1~b!, in
which the sample temperature is 85 K, in conjunction with
Ec20.5 eV level, it is noticed that there is a decrease of
signal when 1.5 eV monochromatic light is irradiated to the
sample. As concerns this signal, two types of optical transi-Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject totion process are considered. One type is the optical hole
emission process to the valence band, and the other type is
the optical electron transition process from the conduction
band to the deep level. In our experimental conditions, the
measurement region is considered as the depletion layer of
AlGaAs crystals, in which there are few electrons. So, it is
considered that the optical hole emission process mainly oc-
curs, and deep levels are detected at 1.5 eV above the va-
lence band. It is shown that some parts of Ec20.5 eV can be
neutralized by forward biasing at 85 K. In Fig. 1~b!, the
ionized level density is smaller than the density shown in
Fig. 1~a!. It is considered that at 85 K, the Ec20.5 eV level
is thermally ionized in part. Figure 1~c! shows the tempera-
FIG. 1. ~a! and ~b! Typical ion density PHCAP spectra of Al0.3Ga0.7As at ~a!
40 and ~b! 85 K. ~a! and ~b! represent the ion density in the dark ~j! after
neutralization process of deep level and the photoionized level density ~h!,
respectively. ~c! Relation between temperature and photoneutralized level
(Ev11.5 eV level! density. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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11.5 eV level! density. It is shown that detected Ev11.5 eV
level density increases with increasing sample temperature.
Figure 2~a! shows the forward biasing time dependen-
cies of the neutralized Ec20.5 eV level density at 40 K. For
this measurement, the sample was irradiated with 1.0 eV
monochromatic light to photoionize the Ec20.5 eV level,
and then forward bias voltage ~10.9 V! was supplied for
predetermined constant times. After that, the neutralized Ec
20.5 eV level density was determined as follows:
DNneut5~Vdep2Vappl!S 2eq D ~Cph~1.0 eV!2 2Cdark2 !, ~2!
FIG. 2. ~a! Forward biasing ~0.9 V! time dependencies of the neutralized
Ec20.5 eV level density at 40 K. ~b! Forward bias voltage dependencies of
the neutralized Ec20.5 eV level density at 40 K, at which forward biasing
time is 120 s. ~c! Temperature dependencies of neutralized Ec20.5 eV level
density.Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject towhere DNneut is neutralized Ec20.5 eV level density by the
electron capture from the conduction band and Cph~1.0 eV! is
the measured capacitance per unit area under 1.0 eV mono-
chromatic light irradiation. It is shown that the neutralized
level density increases as forward biasing time increases.
From this experimental result, seven years seem to be needed
to neutralize all the photoionized Ec20.5 eV levels at 40 K.
Figure 2~b! shows the forward bias voltage dependencies of
the neutralized Ec20.5 eV level density at 40 K. For this
measurement, forward biasing time was kept to 120 s. It is
shown that the neutralized level density increases as forward
bias voltage increases and then saturates to ;1.531016
cm23. Figure 2~c! shows the temperature dependencies of
the neutralized Ec20.5 eV level density caused by forward
biasing. The measurement was performed as follows, ~1! the
sample is cooled to 40 K, ~2! 1.0 eV monochromatic light is
irradiated and asymptotic capacitance @Cph~1.0 eV!# is mea-
sured in the condition of reverse biasing ~20.5 V!, ~3! the
temperature is changed to setting value with reverse biasing
~20.5 V!, ~4! forward bias voltage ~10.6 V! is applied for
120 s at the setting temperature, after that, ~5! capacitance in
the dark (Cdark) is measured in the condition of reverse bi-
asing ~20.5 V!. This experiment sequence was performed at
each setting temperature. It is shown that the neutralized
level density increases with increasing measurement tem-
perature, but decreases at higher temperatures more than 80
K. At the higher temperature region, the influence of thermal
electron emission from the Ec20.5 eV level is considered to
increase. From this PHCAP experiment, the thermal activa-
tion energy for the electron capture at the ionized Ec20.5 eV
level was determined to be 31 meV. These results indicate
that the Ec20.5 eV level is considered to have an energy
barrier ~31 meV! to the electron capture from the conduction
band and that the thermal ionization energy is far less than
the photoionization energy ~0.5 eV!, which is a characteristic
of the so-called DX center. These characteristics are consid-
ered to be caused by large lattice relaxation ~LLR!.5 Con-
cerning the Te-related DX center, the reported value of acti-
vation energy of the electron capture rate is 0.18 eV which
was obtained by the temperature dependence of the electron
concentration.20 They measured Te-doped Al0.4Ga0.6As
(ND – NA51017– 1018 cm23). However, a smaller value was
obtained in our present experimental conditions. In conjunc-
tion with the difference of measurements, there seems to be
dependencies of Al composition and donor concentration.
Figure 3 shows the PHCAP spectra of intentionally un-
doped n-Al0.3Ga0.7As. After cooling in the dark with for-
ward bias voltage from room temperature to 77 K, a constant
reverse bias voltage was applied and ~a! no light, ~b! 1.0 eV
monochromatic light, and ~c! 1.5 eV monochromatic light
was preirradiated to the sample. Then, monochromatic light
was irradiated from long wavelength. Concerning the deep
level detected at 0.5 eV below the conduction band (Ec
20.5 eV level! which is considered as the residual Te-
related DX center, it is not detected in Fig. 3~b! in which 1.0
eV monochromatic light was irradiated before PHCAP mea-
surement, but detected in Figs. 3~a! and 3~c!, in which ~a! no
light and ~c! 1.5 eV monochromatic light was preirradiated
before PHCAP measurement. It is noticed that the signal AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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larger than that in Fig. 3~a!. Concerning the optically ionized
deep level at 1.1 eV below the conduction band (Ec21.1 eV
level! shown in Figs. 3~a!, 3~b!, and 3~c!, we have reported
and proposed that the Ec21.1 eV level is affected by the
stoichiometric composition of the crystals and interacts with
the Ec20.5 eV level.15
Some reports have been published on the relation of the
DX center and minority carrier ~hole!. It has been reported
that the near-band gap photoluminescence of AlGaAs:Si
shows a slow intensity transient after cooling the sample in
darkness to low temperatures.21 By investigating the behav-
ior for below- and above-band gap illumination, they ex-
plained this transient by the concept of hole capture at the
DX center ~hole-capture cross section sDX ,h>2
310216 cm2).
Current instabilities in Schottky diodes prepared on Si-
FIG. 3. The PHCAP spectra of intentionally undoped n-Al0.3Ga0.7As at 77
K. After cooling in the dark, ~a! no light, ~b! 1.0 eV light, and ~c! 1.5 eV
light was preirradiated to the sample.Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject todoped AlGaAs have been reported.22 It has been shown that
at low temperature hole injection under forward bias causes a
dramatic increase in the concentration of positively charged
donors, which can be detected through capacitance–voltage
profiling. This phenomenon has been ascribed to direct hole
capture at the DX center following electron-hole radiative
recombination.
With respect to DLTS, positive DLTS signals are re-
ported in Schottky diodes made on Te-doped AlGaSb when
forward-bias filling pulses are used.23 They discussed these
observations in terms of minority carrier ~hole! injection and
subsequent capture by the DX centers. They expected that
electron capture from the conduction band is more predomi-
nant than hole emission into the valence band since the ther-
mal energy barrier for electron capture is much smaller than
the thermal energy barrier for hole emission.
From the results shown in Fig. 1, it is considered that
there are at least two types of optical transition processes in
Te-doped Al0.3Ga0.7As when monochromatic light, whose
photon energy is less than the band gap photon energy, is
irradiated to the sample. One type is optical electron emis-
sion from the deep level (Ec20.5 eV level!, and the thresh-
old photon energy is 0.5 eV. Once the Ec20.5 eV level is
photoionized at low temperature, it is difficult to neutralize
this level by electron injection as shown in Fig. 2. We ob-
tained the activation energy for neutralizing this level by the
use of the PHCAP method mentioned before. This barrier
causes PPC which is a well-known characteristic of the DX
center in AlGaAs.24,25 The other type is the optical hole
emission from the deep level (Ev11.5 eV level! to the va-
lence band, and the threshold photon energy is 1.5 eV. It is
considered that these two types of optical transition process
both occur when monochromatic light with larger photon
energy than 1.5 eV is irradiated to the sample. From Fig.
1~c!, it is considered that there seems to be activation energy
to cause this optical hole emission process. In Fig. 3, we
reported the three types of PHCAP spectra with different
monochromatic light preirradiations to the sample, at which
the Ec20.5 eV level was clearly detected with the condition
of 1.5 eV monochromatic light preirradiation. These experi-
mental results can be understood by considering that an elec-
tron transfers to the Ec20.5 eV level from the valence band
because of the 1.5 eV light irradiation. So, it is considered
that the Ec20.5 eV level and Ev11.5 eV level are the same
level, i.e., we observed optical electron emission and optical
hole emission from the same Te-related DX center. The band
gap energy of AlxGa12xAs (x50.33) at 77 K is 1.92 eV.
The total of 0.5 and 1.5 eV is not the same as the band gap.
This energy difference is considered to be understood by the
energy shift caused by lattice relaxation. From the result of
Fig. 1~c!, it is considered that there is a thermal energy bar-
rier to cause optical hole emission from the Te-related DX
center. One possibility is that this hole emission process is
caused by a lattice relaxation combination of the valence
band and DX center.
The so-called DX centers observed in donor-doped
AlGaAs have been intensively studied, but the fine structures
of these centers are less certain. In the negative-U model of
the DX centers,4 it was suggested they are characterized by AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tutional shallow effective-mass state, another is a deep local-
ized state known as the DX center. In the latter, the substi-
tutional donor and its neighbor atoms largely relax from their
lattice positions and the energy level becomes deeper when
the donor traps two electrons. By this model, there cannot be
a deep DX center level before trapping two electrons by the
donor. Whereas more detailed investigations of AlGaAs are
necessary, we propose that the dominant deep levels in Te-
doped n-Al0.3Ga0.7As, i.e., the DX center remains at a deep
level before capturing an electron, and the optical energy
level position is 0.5 eV below the conduction band and 1.5
eV above the valence band. There is an energy barrier to
optical hole emission from the DX center from our present
experimental results. In conjunction with our other
reports,14,15 this proposal leads to the idea that the DX center
seems to be a stoichiometry dependent complex defect rather
than a simple substitutional donor. But this proposal is not
consistent with the negative-U model.
In summary, the LLR model proposed by our experi-
mental results for the properties of the Te-related DX center
in Al0.3Ga0.7As is shown by the configuration-coordinate dia-
gram in Fig. 4, in which Eb is thermal capture energy, Eoi
and Eon are optical ionization energy and optical neutraliza-
tion energy, respectively.
IV. CONCLUSION
The optical hole emission processes in Te-doped
AlxGa12xAs (x50.33) crystals grown by LPE were mea-
sured with the PHCAP method at different temperatures. The
PHCAP measurements revealed deep levels optically located
FIG. 4. Configuration-coordinate diagram of the Te-related DX center.Downloaded 15 Mar 2010 to 130.34.135.83. Redistribution subject toat 0.5 eV below the conduction band (Ec20.5 eV! and 1.5
eV above the valence band (Ev11.5 eV!. The thermal acti-
vation energy of electron capture to the photoionized Ec
20.5 eV level was estimated to be 31 meV from PHCAP
methods. The optical hole emission process from the Ev
11.5 eV level was enhanced with increasing sample tem-
perature. After 1.5 eV monochromatic light preirradiation,
the Ec20.5 eV level was clearly detected in intentionally
undoped n-Al0.3Ga0.7As. From these results, it is considered
that in AlGaAs:Te ternary alloy systems, the Ec20.5 eV
level and the Ev11.5 eV level are the same level, and the
Te-related DX center remains at a deep level even before
capturing an electron. From this consideration, it seems that
the Te-related DX center is a stoichiometry dependent com-
plex defect rather than a simple substitutional donor.
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